r Rod photoreceptors play a key role in vision in dim light; in the mammalian retina, although rods are anatomically connected or coupled by gap junctions, a type of electrical synapse, the functional importance and regulation of rod coupling has remained elusive.
Introduction
Gap junction channels are phylogenetically ancient and ubiquitous mediators of cellular communication (Pereda et al. 2013) . In the nervous system, gap junctions form electrical synapses, key elements of neural circuit function and signal processing (Bennett & Zukin, 2004; Hormuzdi et al. 2004; Pereda et al. 2013) . However, in contrast to detailed knowledge of the mechanisms underlying chemical transmission, the regulation and functional significance of electrical synapses remain largely incomplete.
In the retina, cell-cell electrical coupling is a key determinant of light response properties of vertebrate photoreceptors. Together with voltage-gated conductances, electrical coupling shapes the change in membrane potential initiated in the outer segment by the absorption of light and the subsequent development of photocurrent (Baylor et al. 1971 (Baylor et al. , 1979 Burns & Arshavsky, 2005) . Photoreceptor electrical coupling is proposed to play important roles in signal processing, including noise filtering, intensity coding, spatial processing and rod and cone signal mixing (Baylor et al. 1971; Lamb & Simon, 1976; Attwell et al. 1984; Tessier-Lavigne & Attwell, 1988; Hornstein et al. 2005; Zhang & Wu, 2005; Li et al. 2012) . In lower vertebrates, photoreceptor coupling has been shown to be regulated by light, the retinal neuromodulator dopamine, and a circadian clock (Yang & Wu, 1989; Krizaj et al. 1998; Ribelayga et al. 2008; Li et al. 2009 ).
In mammals, electrical coupling between cones produces a dramatic increase in sensitivity and the signal-to-noise ratio (SNR; DeVries et al. 2002) . Phosphorylation of the gap junction-forming protein connexin36 (Cx36) in photoreceptors is regulated by light and dopamine and may function as a key regulator of gap junction coupling (Li et al. 2013) . Although the nature of the rod connexin has yet to be identified (Bloomfield & Völgyi, 2009; Li et al. 2013) , the existence of gap junctions between rods has been clearly observed by electron microscopy (Raviola & Gilula, 1973; Tsukamoto et al. 2001) . However, the functional significance of rod coupling remains elusive. On the one hand, a long-standing view in the field of visual neuroscience is that in the dark, rods should remain electrically isolated from one another in order to prevent loss of the single photon response and optimize the SNR Okawa & Sampath, 2007) . On the other hand, electrophysiological data, including paired recordings from guinea-pig rods, have provided clear evidence that rods are electrically coupled via gap junctions (Hornstein et al. 2005; Li et al. 2012) . Important open questions remain, however, as to whether rod electrical coupling preserves the single-photon response in individual rods and whether rod coupling is dynamically regulated.
To directly address these questions, we developed a perforated patch-clamp recording technique and recorded from single rod inner segments in isolated intact neural mouse retinae, maintained by superfusion, of the melatonin-proficient CBA/CaJ strain. We report that rod electrical coupling is regulated by a circadian clock and dopamine, so that coupling is weak during the day and strong at night. Importantly, we show that the increase in rod coupling at night only slightly affects the single photon response but increases the SNR for a dim light response. We argue that the strength and regulation of rod coupling in mouse may represent a general principle of retinal design in mammals, possibly reflecting retinal evolutionary history.
between zeitgeber time (ZT) 0 and ZT12, and the dark phase between 19.00 and 07.00 h as the night (N) or the period between ZT12 and ZT24. Accordingly, under circadian conditions, we refer to the subjective day (SD) as the period between circadian time (CT) 0 and CT12 that is, for most experiments between 12 and 24 h after the beginning of dark adaptation (SD1), and the subjective night (SN) as the period between CT12 and CT24, that is 24 and 36 h after the beginning of dark adaptation. Some recordings were also obtained during the second subjective day (SD2) that is, between 36 and 48 h after the beginning of dark adaptation. Manipulation of the animals and retinal tissue during the night or under circadian conditions were conducted under infrared light with the help of infrared goggles (D-321G-A; Night Optics USA, Huntington Beach, CA, USA).
Mouse neural retina preparation
Dark-adapted mice were anaesthetized with a mixture of ketamine and xylazine (100 mg kg −1 + 10 mg kg −1 , respectively, I.M.), decapitated, and one eye was enucleated and rapidly placed in Ames' medium with glutamine buffered with 23 mM NaHCO 3 (Sigma-Aldrich, St Louis, MO, USA). We used only one eye for recording purposes. The second eye was either discarded or used for other histochemical experiments. Neural mouse retinae were isolated under infrared illumination with dual-unit Prowler Night Vision scopes (Meyers Electro Optics, Redmond, WA, USA). The intact neural mouse retina with photoreceptor side up was placed on a nylon mesh, clamped with a second nylon mesh and a plastic ring, and moved to a 2 ml chamber on the microscope stage. The retina was then superfused at 2 ml min −1 (turnover 1 min −1 ) with the bicarbonate-buffered Ames' solution at 32°C continuously gassed with 5% CO 2 -95% O 2 to maintain pH at 7.4. Drugs were dissolved in Ames' solution, and the pH was adjusted to 7.4 with NaHCO 3 when required. All chemicals were purchased from Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA, USA). The neural retina was superfused for 60 min in the dark before the start of electrical recording. Rod light responses were recorded in the intact mouse retina maintained in superfusion under dark-adapted conditions for 1-4 h.
Patch-clamp recording
Perforated patch-clamp recordings from rod inner segments in intact mouse neural retinae were obtained under continuous dark-adapted conditions in the subjective day and subjective night of a circadian cycle and in the day and night of a 12 h light-12 h dark cycle. The preparation and electrode tips were visualized with infrared (>900 nm) differential interference contrast (DIC) microscopy. Recordings (current-clamp configuration with I = 0) were obtained under visual control with a 3900A amplifier (Dagan Corporation, Minneapolis, MN, USA) using Clampex 10.2 software and digitized with a Digidata 1322A interface (Molecular Devices, Sunnyvale, CA, USA). Signals were filtered at 1 kHz with a four-pole Bessel filter and sampled at 1 kHz. Electrodes were fashioned from borosilicate glass capillaries (OD 1.2 mm, ID 0.69 mm, Sutter Instruments, Novato, CA, USA). The pipette solution contained (in mM) 10 KCl, 120 K-D-gluconate, 5 MgCl 2 , 5 Na 2 -ATP, and 1 Na 3 -GTP. The pH was adjusted to 7.25 with KOH and osmolarity to 265 mosmol l -1 . Electrodes were backfilled with 25 μM β-escin (Sigma) with or without 4% Neurobiotin (Vector Laboratories, Burlingame, CA, USA) in standard electrode solution. The tip resistance measured in the bath was 15-20 M . The liquid junction potential (ß15 mV) was not corrected. The seal resistance ranged from 1 to 20 G . We used positive pressure to give electrode tips clean access to photoreceptor membrane. Following perforation, which typically developed within 10 min, the series resistance was 15-30 M . In some experiments, and only when series resistance was ࣘ20 M , rods were clamped at −35 mV, and the light-evoked membrane current was measured and/or the input resistance R i was estimated from the change in resting current following a 20 ms voltage step from −35 to −50 mV. Occasionally, we recorded light responses from cones. Cones were identified based on their response sensitivity and kinetics and morphology following Neurobiotin injection. We excluded cone recordings from this study. However, we used our estimate of the cone resting membrane potential (RMP) in the resistive-capacitive model: −45.1 ± 2.2 mV (mean ± SEM; n = 8). A recent study has reported that rod-cone coupling increases spontaneously after obtaining intracellular access in mouse cones and that rundown of kinetics with time are often observed in patched rods (Asteriti et al. 2014) . In our conditions, we observed a rundown in rod kinetics following intracellular access in less than 10% of the rods. This phenomenon typically developed within minutes, and the data obtained under these conditions were discarded. Differences between the technique used by Asteriti et al. and ours include a different perforating agent (Amphotericin-B vs. β-escin) , the presence of ATP in our pipette solution and its absence in theirs, and a higher resistance of the pipettes we used (15-20 M vs. 6-9 M ) . The very stable recordings we were able to obtain allowed us to perform pharmacological manipulations of the rod light response, as illustrated in Figs 7-10. Although we were able to maintain recording of a cell long enough to pharmacologically manipulate the rod voltage responses, slow baseline drift of a few millivolts in amplitude typically occurred during long recordings and prevented us from N. G. Jin and others J Physiol 593.7 detecting significant differences between the experimental groups. However, we were able to demonstrate a day-night difference in the rod RMP because the potential was measured as soon as the membrane was perforated and because of the large number of rods recorded and averaged.
We defined the time-to-peak as the time between the beginning of the light response and its maximum amplitude (i.e. the most negative value of the membrane potential); the response amplitude was the difference between the RMP and the membrane potential at the peak response; and the duration of the response was the duration of the hyperpolarization. The end of the response was thus set as the time the membrane potential equalled the initial resting potential for the first time following the light-evoked hyperpolarization (see Fig. 4E for illustration).
Light stimulation
A 175 W xenon arc lamp provided light for a single beam optical bench that provided full-field light stimulation. Calibrated neutral density filters and narrow-band interference filters were used to control light density and stimulus wavelength, respectively. Photoreceptors were stimulated with unpolarized, monochromatic (500 nm, 10 nm half-width) light, and the duration of the stimulus was 20 ms. Light density was measured using an IL-1700 radiometer (International Light, Newburyport, MA, USA). Stability of maximum output was checked weekly. The maximum, unattenuated photon density of the stimulus at 500 nm (i 0-500 ) was 1.62 × 10 −2 W cm −2 , 5.49 × 10 14 photons cm −2 s −1 , or 8.23 × 10 6 photons μm −2 flash −1 . This estimate was, however, revised to 4.43 × 10 6 photons μm −2 flash −1
following calibration of the light stimulus (see Fig. 2 and below). To convert the photon density into the mean number of effective isomerizations per rod per flash (R * ), we calculated the collecting area of a single rod (A c ), which is the effective cross-sectional area of the total pigment content of a photoreceptor for axially propagating light. For a light stimulus that directly reaches the rod outer segment (i.e. without travelling throughout the retina):
where d r0d is the rod density in the mouse retina (437,000 mm −2 ; Jeon et al. 1998), D(λ) is the axial optical density of rhodopsin in the outer segment, and γ is the quantum efficiency, with which a photon absorbed by a molecule of rhodopsin induces an isomerization. We calculated D(λ) as the product of the specific density per unit length (0.019 OD units μm −1 at 498 nm; Lyubarsky & Pugh, 1996) and the length of the rod outer segment (23.6 μm; Carter-Dawson & LaVail, 1979) ; thus D(λ) = 0.448. Therefore the fraction of light entering the outer segment that is absorbed is 1 -10 −D(λ) = 0.644. For the quantum efficiency of isomerization (γ), we adopted the conventional value of 67%. Thus, A c = 0.987 μm; for simplification, A c was set to 1.0 μm 2 . This estimate is within the range of published values of A c (see Naarendorp et al. 2010 for instance). The calculated unattenuated photon density at 500 nm of a 20 ms flash (8.23 × 10 6 photons μm −2 ) was thus equivalent to 8.23 × 10 6 R * . Calibration of the light stimulus (Fig. 2) yielded an unattenuated value of R * slightly lower (4.43 × 10 6 R * ). Although the difference between these two estimates may have originated from the non-uniform focus of light along the rod outer segment and/or errors due to the different refraction indexes of air and water, these values remain very close. However, 4.43 × 10 6 R * probably reflects light intensity under recordings conditions best, and therefore we used this estimate in our calculations.
Data analysis
Statistical analyses were performed with Clampfit 10.2 (Molecular Devices) and OriginPro 8.5.1 (OriginLab Corporation, Northampton, MA, USA). Results from the non-linear least-squares regression analysis are given ± SEM.
Our analysis of the rod light responses was performed assuming the quantal nature of light and the consequent Poisson variability of the rod responses. This type of analysis has been widely used by others in the field (Baylor et al. 1979; Schneeweis & Schnapf, 2000; Field & Rieke, 2002a; Hornstein et al. 2005; Li et al. 2012) .
For events K that follow a Poisson distribution with mean m per trial, the probability P k that there will be K = k events per trial is:
For quantized rod responses, m is the mean number of isomerizations (K) per trial (in R * ) and k = 0, 1, 2, . . . The characteristics of the rod response to dim flashes were derived from 50-150 consecutive recordings from the same cell. Successes (responses) and failures (no responses) were discriminated by correlation with the ensemble event mean (μ, in mV). The ensemble peak variance (σ 2 , in mV 2 ) is the increase in variance at the peak of the ensemble mean response (an example is shown in Fig. 1E ). The probability that there will be no event per trial equal to the probability of failure (K = 0) can be calculated from the ratio of the number of failures to the total number of flashes delivered and can be used to estimate m, according to:
or m = −ln(P 0 ).
In addition, m equals the ratio of the square of the ensemble event mean (μ) to the ensemble peak variance (σ 2 ):
The event amplitude, a, can be estimated in different ways (Baylor et al. 1979) : from μ and m, using the relation:
or from σ 2 :
A probability density function was computed from the distribution of the response amplitude to 50 or more flashes. The probability density, P(x), for a response with amplitude in the range x to x + x/2 is the sum of Gaussian components each with mean ka and an area weighted by the Poisson function (eqn (2); Baylor et al. 1979) and that follows the equation:
where m is the mean number of events per trial, k the number of events per trial (k = 0, 1, 2 or 3; for light stimuli < 1R * and k ≥ 4, P (x) 0), σ 2 0 is rod intrinsic noise (in mV 2 ), σ 2 1 is the dispersion in the event amplitude (in mV 2 ) and a is the single event amplitude (in mV). B is the bin width and is set to 0.2 mV. σ 2 0 , σ 2 1 , m, and a were allowed to vary.
The effective pool size of coupled rods (N e ) is the effective pool size that accounts for electrical coupling between photoreceptors, assuming 'perfect coupling' , that is, that rod-to-rod junction conductance is infinite, and photon responses are equivalent in all coupled rods (Hornstein et al. 2005) . N e was calculated from different ways as explained below:
Assuming that only a single photoisomerization is required to elicit a unit electrical response, the mean number of photoisomerizations (= mean number of events, m, in units of R * ) should be proportional to the number of coupled rods (N e ), the effective collecting area of a single rod (A c ) and light intensity:
where i is the flash density (photons μm −2 ) and A c (μm 2 ) is the effective collecting area of the outer segment of a single rod (= 1.0 μm 2 from eqn (1)). With A c (eqn (1) and i known, N e can be calculated from eqn (9), after determining m (from eqn (4)):
N e can also be calculated from the square of the ensemble event mean (μ) and the variance of the event peak (σ 2 ; Li et al. 2012) , following the equation:
Finally, we defined the signal-to-noise ratio (SNR) as:
The peak amplitude of the rod light responses was plotted as a function of flash intensity using a Hill-type equation in the form:
where R is the response amplitude (in mV or pA), R max is the maximum response amplitude (in mV or pA), i is the stimulus intensity (in photons μm −2 or R * ), i 50%Rmax is the stimulus intensity needed to generate a response with half-maximal amplitude (in photons μm −2 or R * ), and N is the Hill coefficient. Non-linear least-squares regression analysis was performed with N and i 50%Rmax as free parameters. To fit absolute values of R, R max was a free parameter. To fit the normalized values of R, R max was set to 1.0. Residues from the non-linear regression of the normalized values were used to calculate the light density required to elicit 95% of R max (i 95%Rmax ).
The peak amplitude of the rod light responses measured at 440 photons μm −2 was plotted as a function of time of day using either of the following two methods.
(1). The symmetrical traditional COSINOR equation:
where y is the nth data point (response amplitude in mV), x the time of the nth data point (h), W the mean (mesor, in mV), Y the amplitude (equal to one-half of the sinusoid, in mV), Z the acrophase (in radians) and T the endogenous period (h). Non-linear least-squares regression analysis was performed with W, Y and Z as free parameters and T set to 24.0.
(2).The sum of an asymmetrical logistic function in the form:
where y is the nth data point (response amplitude in mV), x the time of the nth data point (h), y 0 is the nadir of the rhythm (in mV), A is the peak of the rhythm (in mV), S a is the slope of the ascending peak (in mV h −1 ), φ a is the inflection point of the ascending peak (in h), S d is the slope of the descending peak (in mV h −1 ), φ d is the inflection point of the descending peak (in h), and w is the period (in h). y 0 , A, S a , S d , φ a and φ d were allowed to vary and w = 0, 24, 48. Best fit of the data in Fig. 3E was obtained with y 0 = 6.2 mV, A = 16.6 mV, S a = 14.93 mV h −1 , and
Receptive field measurements
To assess the receptive field size of a rod, a 5-μm wide 150-μm long rectangular slit of dim 500 nm light of fixed intensity was presented for 50 ms and moved in 5-μm steps every 3 s across the retinal surface using a Lucivid XC-R miniature LCD colour system (MBF Bioscience, Willinston, VT, USA) hooked onto a microscope port. A 500 nm narrow-band interference filter (10 nm half-width) was positioned on the light path. Light intensity of the bar was adjusted so that to elicit a 2-4 mV response in the recorded rods when positioned on the receptive field centre during the day and thus corresponded to ß2-4R * . The length constant (λ), a measure of the receptive field size of recorded cells (Lamb & Simon, 1976) , was estimated from plotting the normalized response amplitudes against the stimulus position and fitting the data with the following equation:
where y is the nth data point (standardized response amplitude), |x| the absolute value of the position of the slit of light relative to the centre of the recorded rod, and λ the length constant (in μm). Non-linear least-squares regression analysis was performed with λ as a free parameter. For cells that elicited a light response only when the slit was positioned at their centre, λ default value was set to 2.5 μm (= slit half-width).
Tracer coupling
Tracer coupling was revealed by iontophoresis and cytochemical visualization of the biotinylated tracer Neurobiotin (Vector Laboratories, Burlingame, CA, USA). Micropipettes were backfilled with 4% (w/v) Neurobiotin in pipette solution that also contained 25 μM β-escin. To minimize the effects of light adaptation, tracer coupling experiments were separated from recording experiments. After perforation, the response of the cell to a single dim flash of light (44 photons μm −2 ) was recorded to confirm the photoreceptor type and the viability of the cell. Neurobiotin diffused into the recorded rod and coupled cells for 10-15 min. Typically two to three injections were made per retina. After the last injection, the retina was kept in the superfusion chamber in total darkness for 30 min, then rapidly immersed in a solution of 4% paraformaldehyde + 0.1% glutaraldehyde in 10 mM phosphate-buffered saline (PBS, 0.8% NaCl, pH 7.3) for 12 min at room temperature and postfixed in 4% paraformaldehyde in 10 mM PBS overnight at 4°C. The retina was then washed in PBS and reacted for 2 days with Dylight488-conjugated strepavidin (5 μg ml −1 , Jackson ImmunoResearch, West Grove, PA, USA) in 10 mM PBS that contained 0.5% Triton-X100 and 10 μg ml −1 Dylight647-conjugated peanut agglutinin (Invitrogen, Grand Island, NY, USA). Thereafter the retina was washed in PBS and flat-mounted on a microscope slide. Labelled photoreceptor cells could then be observed and digitally captured using a confocal microscope (Zeiss LSM510; Carl Zeiss Microscopy, LLC, Thornwood, NY, USA).
Rod network modelling
The effect of coupling on signal and noise was calculated assuming a network of perfectly coupled rods. The effect of coupling on the signal evoked by a light stimulus depends on the number of illuminated rods (M) and of coupled rods (N e ) in the network (Tessier-Lavigne & Attwell, 1988; Hornstein et al. 2005) . If a stimulus illuminates M rods in the network, it will evoke a response V in each rod of the network (including the recorded rod), with:
and V r = the response of an isolated rod illuminated by the same stimulus. In addition, the variance of the voltage noise in the network σ 2 0 is related to that of an isolated rod σ 2 0 r :
and the dispersion in the event amplitude σ 2 1 is related to that of an isolated rod σ
The values of σ 2 0 r , σ 2 1 r , and a r (defined as the amplitude of the single photon response in an isolated rod) were measured in rods in the presence of MFA and estimated to be 0.36 mV 2 , 0.42 mV 2 and 2.89 mV, respectively. The probability density function of the rod response to a dim light stimulus of 0.44R * (eqn (8)) was computed for various numbers of coupled rods (N e , range 0-3). To express eqn (8) as a function of N e , we substituted m with N e A c i (eqn (9), or m = 0.44 N e , with A c = 1 μm 2 ) and σ 2 0 r , σ 2 1 r , and a r with the values described above. Since the probability density functions calculated in this study were obtained for a light density equal to 0.44R * , we assumed that at that light density and for small N e values (≤ 3), only 1 rod in the network was illuminated and that M/N e 1/N e . Thus, eqn (8) can be written as:
From eqn (20), the probability density function of the first component (k = 0, probability of failure) is:
Let F 0 (x) be the cumulative probability density function, which can be written as:
B is the bin size and x L is the minimal value of response amplitude. We chose B = 0.2 mV and x L = −3 mV to estimate F 0 (x) and plotted estimates for N e ࢠ [1, 3] . It should be noted that the cumulative function, F 0 (x = Ý) is equal to e −0.44N e and was used to estimate P 0 . The effects of the number of rods illuminated (M) in the network of perfectly coupled rods (N e ) on the single photon response amplitude (a) and the SNR were modelled from eqns (12), (17), (18) and (19), with: 
and
The effects of light intensity on the amplitude of the response in an illuminated rod were calculated for a stimulus restricted to the illuminated rod (M = 1) and for a stimulus covering the entire array of coupled rods (M = N e ), for N e = 1.13 (daytime model) and N e = 2.40 (nighttime model), using a modified version of eqn (13), with:
The maximal response amplitude (R max ) in an electrically isolated rod that was measured in rods in the presence of MFA is 21.5 mV. For simplification, the Hill coefficient (N) was set to 1, the intensity to elicit 50% of the maximum response amplitude (i 50%Rmax ) was set to 6R * and for light densities < 1R * , we considered that M = 1, in both models.
Resistive-capacitive model of the mouse photoreceptor network
To test whether electrical coupling between rods and cones could modulate the rod light response kinetics, we developed a simplified capacitive and resistive model of electrically coupled mouse photoreceptors. We used a square lattice, with connections between nearest neighbours as an idealized description of the rod network in the mouse retina (see Fig. 12 ). Given that rods outnumber cones by ß33 to 1 in mouse retina (Jeon et al. 1998) and that each rod is coupled to one cone (Tsukamoto et al. 2001) , we developed a model of idealized arrangement of the mouse photoreceptors. We then developed an equivalent electrical circuit of the lattice. Solving the behaviour of the rod network, taking into account the coupled rods and cones, would require precise measurements of the rod-rod and rod-cone gap junction resistance values as well as cone biophysical constants during day and night, which we have not been able to obtain. However, by making a series of rational assumptions, we were able to simplify the model to one that includes a cone and 30 rods, each coupled to the cone by a gap junction of resistance R j(r-c) . We assumed that for uniform light stimuli (R * ≥ 1), rods are isopotential, and thus no net current flows though the rod-rod gap junctions, thereby eliminating rod-rod coupling from the model. Similarly, we assumed that the rod-cone convergence is similar in every cone, and thus that no net current flows through the cone-cone gap junctions, thereby eliminating cone-cone coupling from the model. We also made the additional following assumptions:
the membrane parameters are linear and uniform; the membrane resistance is constant and independent of the voltage (we excluded voltage-gated currents in our simplified model); the membrane resistance of the rod membrane is similar to that of the cone (R mr R mc ); the membrane capacitance of the rod is similar to that of the cone (C mr C mc ); the rod RMP is more positive than that of the cones (Cangiano et al. 2012) ; the photocurrent in rods is >> than that elicited in cones at the same light intensity, and thus the rod membrane potential drives the cone membrane potential when rod-cone coupling is strong. Based on these assumptions, we developed an equivalent resistive-capacitive model to determine the rod behaviour in response to uniform light stimuli in the presence of a coupled cone.
To simulate the photocurrent, we used a simulated current waveform as input in the form (Publio et al. 2009 ): (26) with i photo the photocurrent (in pA) at any time t (in ms), X the amplitude of the photocurrent (in pA), b the inflection point at the decline of the peak, and τ1 and τ2 time constants (in ms). Equation (26) 
Results

Rod light responses in the isolated intact mouse retina
We have developed a new technique in mouse: voltage clamp of single photoreceptors in intact retinae maintained by superfusion (see Methods for details). The sensitivity, kinetics, and reliability of the rod responses to dim light flashes were determined during the daytime phase of a normal light-dark cycle (zeitgeber time (ZT) 00-12) under dark-adapted conditions (>1 h; Fig. 1 ). Under these conditions, the RMP of the recorded rods was, on average, −33.9 ± 1.5 mV (mean ± SEM; n = 33), and their input resistance (R i ) was 2.51 ± 0.09 G (mean ± SEM; n = 20). The mean holding current at −35 mV was, on average, −3.25 ± 2.67 pA (mean ± SEM; n = 4). Presentation of a brief flash of light (500 nm, 20 ms) evoked typical reduction in dark current and hyperpolarization of the membrane potential (Field & Rieke, 2002a; Cangiano et al. 2012) . The amplitude of these events increased as a function of flash intensity ( Fig. 1A and B) . The amplitude of the rod light responses at the highest light density was on average 19.3 ± 1.4 mV (mean ± SEM; n = 33) or 10.6 ± 1.38 pA (mean ± SEM; n = 4). The relation between the peak response amplitude and intensity was fitted by a Hill-type equation (eqn (13); Fig. 1C and D) . The half-saturating intensity (i 50%Rmax ) was not significantly different between the two measurements (5.7 ± 0.4 photons μm −2 and 5.3 ± 1.2 photons μm −2 for voltage and current measurements, respectively; P = 0.34, Student's unpaired t test). The Hill coefficient (N) was also similar between the two measurements (0.90 ± 0.1 and 0.75 ± 0.1 for voltage and current measurements, respectively; P = 0.29, Student's unpaired t test). In addition, rod light responses started to saturate (95% of the maximum response; i 95%Rmax ) by ß100-200 photons μm −2 (see Tables 1  and 2 , for details). Overall, the sensitivity and kinetics of the current and voltage responses to light compared favourably with those measured with suction (Field & Rieke, 2002a) and patch-clamp (Cangiano et al. 2012) electrodes in mouse retinal slices.
Single-photon responses in rods
To determine whether rods in the intact mouse retina are able to detect and process single quanta of light, we examined their responses to dim flashes of light. Figure 1E shows an example of trial-to-trial amplitude fluctuations of a rod from a series of consecutive flashes of light of fixed intensity, 0.44 photons μm −2 delivered at 0.2 Hz. The apparent trial-to-trial variability in the rod response to dim light stimuli has been shown to reflect both the quantal nature of light and the stochastic process of photon absorption (Baylor et al. 1979; Schneeweis & Schnapf, 2000; Field & Rieke, 2002a; Hornstein et al. 2005; Cangiano et al. 2012; Li et al. 2012) . The behaviour of the rods was indeed characteristic of a quantized response: each quantal electrical event resulted from a single photoisomerization when photons were so scarce that either no photon elicited a response in the recorded rod (failures) or sometimes just one (successes) and occasionally more than one (Fig. 1E ). Consistent with a quantized response, the probability density function of the responses exhibited two major discrete peaks, one entered at 0 mV and the other at 2.6 mV (Fig. 1F ). Data were fitted by a convolution of the sum of Gaussian distributions weighted by a Poisson distribution (eqn (8)). Best fit of the data shown in Fig. 1F was obtained with the event amplitude (a) = 2.76 mV, the rod intrinsic noise (σ , and m estimated from the probability density function were 2.66 ± 0.58 mV, 0.20 ± 0.08 mV 2 , 0.34 ± 0.13 mV 2 , and 0.64 ± 0.19, respectively (mean ± SEM; n = 3). The insert in Fig. 1E shows ensemble average photovoltage (red trace) and variance (blue trace) for responses to the 150 flashes, including those illustrated in Fig. 1E . For the cell illustrated in Fig. 1E , the mean peak hyperpolarization (μ) was 1.14 mV, and the mean peak variance (σ 2 ) was 1.89 mV 2 . Average values of μ and σ 2 were 0.99 ± 0.08 mV and 1.78 ± 0.24 mV, respectively (mean ± SEM; n = 3). Poisson statistics were used to further characterize the rod responses under dim light (see Methods for details).
Photon density was converted into mean effective photoisomerizations per rod per flash (R * ) for a flash of fixed dim intensity (0.44 photons μm −2 ) by calculating 
<0.001
Parameters obtained from fitting the normalized data to eqn (13)
1.00
1.00 the effective collecting area of a single mouse rod under our conditions (A c , 1.0 μm 2 ; eqn (1)) and estimating the mean number of events (m) from the observed probability of failure (P 0 ; eqn (4)) or from the ratio of the square of the ensemble mean amplitude (μ) to the ensemble event variance (σ 2 ; eqn (5)). The two calibration methods are compared in Fig. 2 . Collectively, they gave a value for R * at that light density of 0.44. The event amplitude, a, was estimated by different means, from the ratio of μ to m (eqn (6)) or from the ratio of σ 2 to μ (eqn (7)), with values ranging from 1.5 to 2.5 mV (n = 3), in agreement with the values derived from the probability density function (see above). The SNR (eqn (12)) ranged from 3.5 to 4.5 (n = 3). Our estimate of a is significantly larger than the ß1 mV obtained from macaque (Hornstein et al. 2005) and guinea-pig (Li et al. 2012) rods, yet compares favourably with previous patch-clamp measurements of rods in mouse retinal slices (Cangiano et al. 2012) .
The trial-to-trial variability of the rod light response to dim light flashes reflects the strength of rod electrical coupling, in that variability in the amplitude of the response to dim flashes is lower when electrical coupling is stronger because of signal averaging within the coupled The photovoltage responses to a series of 70-150 flashes of light of fixed density (0.44 photons μm −2 ) were recorded during the early day (ZT00-06) for 14 rods (1 rod retina -1 ). The mean number of events per flash (m), that is, the mean number of isomerizations per rod per flash (R * ), was determined by two different methods. The value of m was estimated from the natural logarithm of the observed probability of failure (P 0 ; eqn (4)) and from the ratio of the square of the peak of the ensemble mean (μ 2 ) to the square of the peak ensemble variance (σ 2 ; eqn (5)). The figure illustrates the comparison of the calibration methods. Proximity to the dashed line (unity) indicates agreement between the two methods for individual rods. Estimates of m averaged 0.39 ± 0.04 (eqn (4)) and 0.47 ± 0.05 (eqn (5); mean ± SEM). The value of m was set at 0.44R * at this attenuation.
network (Attwell et al. 1984; Hornstein et al. 2005; Li et al. 2012 ). Assuming perfect coupling, i.e. infinite coupling conductance, the number of effectively coupled rods (N e ) can be estimated from the ratio of -ln(P 0 ) (eqn (10)), or of μ 2 /σ 2 (eqn (11)), to the product of light density (i) and A c . In the daytime and under dark-adapted conditions, N e estimates ranged from 0.9 to 1.4 with both techniques (n = 3); a value close to 1 is consistent with weak or no coupling (Hornstein et al. 2005; Li et al. 2012) , indicating that rods are weakly coupled or electrically isolated under these conditions. These calculations were confirmed by tracer coupling data and receptive field measurements. Indeed, following iontophoresis of Neurobiotin into single rods, tracer was restricted to the recorded cell, consistent with weak rod-gap junction coupling ( Fig. 1G and H) . Also, the space constant (λ), a measure of the receptive field size of the recorded rod, was 4.03 ± 0.51 μm (mean ± SEM; n = 4; Fig. 1I and J). This value compared well to the mouse rod cell diameter (ß2 μm) and is consistent with weak electrical coupling. Our observations indicate that in the intact mouse retina, where most synaptic connections are preserved between photoreceptors, dark-adapted rods respond to single photons of light. In the daytime, rods are essentially in a decoupled state or electrically isolated from other photoreceptors.
A circadian clock controls electrical coupling and the light response properties of mouse rods
We recorded the light responses of mouse rod photoreceptors under dark-adapted conditions at different times in a day-night cycle and under circadian conditions, during the first subjective day (subjective day-1), the subjective night, and the second subjective day (subjective day-2; see Methods for details). We found that the rod light responses during the subjective day-1 (Fig. 3A and F) resembled those typically observed during the day under dark-adapted conditions (compare Fig. 3A with Fig. 1A and Fig. 3F with Fig. 1B) . However, we found that the RMP was slightly more negative at night (−35.8 ± 3.3 mV; n = 13) or subjective night (−38.7 ± 2.31 mV; n = 13), compared to day (−33.9 ± 1.5 mV; n = 33), subjective day-1 (−30.9 ± 1.8 mV; n = 19) or subjective day-2 (−30.0 ± 1.75 mV; n = 17; one-way ANOVA, F (4,94) = 2.50, P = 0.050; see also Table 2 ). The holding current at −35 mV did not significantly change between night (−3.67 ± 2.85 pA; n = 3), subjective night (−2.90 ± 0.99 pA; n = 5), day (−3.25 ± 2.67 pA; n = 4), subjective day-1 (−4.00 ± 1.22 pA; n = 7) or subjective day-2 (−3.01 ± 2.99 pA; n = 7; one-way ANOVA, F (4,23) = 0.51, P = 0.73).
Although rods appeared to be as sensitive to light during the subjective night as during the subjective day, as shown by no change in the photon density that elicited a response of half-maximal amplitude (i 50%Rmax ) or the Hill coefficient (N; Fig. 3D and I, Tables 1 and 2), the maximal peak amplitude of both the voltage (V max ; Fig. 3C ; Table 1 ) and the current (I max ) response (Fig. 3H , Table 2 ) were reduced by approximately half at night compared to daytime. In addition, the kinetics of the rod light responses were also slower and the duration of the responses lasted longer at night (Fig. 4C and D) or subjective night ( Fig. 3B and G) compared to the day (Fig. 1A and B) or subjective day (Figs 3A and F, and 4A and B, . Plotting V max as a function of time in the dark showed that the day-night differences persisted under circadian conditions, with peak values around subjective dawn and trough values during the night and subjective night (Fig. 3E) , thereby revealing the control of the rod light responses by a circadian clock. Remarkably, the clock-induced change in rod kinetics was particularly steep at the night-to-day transition but was more gradual at the day-to-night transition. This suggests that the action , night (N), subjective day-1 (SD1), subjective night (SN) or subjective day-2 (SD2). Data collected within 2 h of the transition times were excluded from the analysis. Error bars, SEM, n = 29 (D), 13 (N), 19 (SD1), 12 (SN) and 17 (SD2) cells (1 cell retina -1 ). E, variation of the maximum amplitude of the rod photovoltage (V max ) as a function of time in the dark. Individual values from 114 cells better fitted a function in the form of the sum of 3 logistic peak functions with identical shape and amplitude (blue curve, eqn (15), r 2 = 0.36, P < 0.001) than the COSINOR function (not illustrated, eqn (14), r 2 = 0.20, P < 0.001). F and G, representative examples of light-evoked rod current responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity recorded during the first subjective day (SD1, CT01; F), and the subjective night (N, CT20; G). Holding current at -35 mV was -1.2 pA in F, and 1.9 pA in G. H and I, averaged (H) and normalized (I) intensity-response curves of rods recorded during the day (D), night (N), subjective day-1 (SD1), subjective night (SN) or subjective day-2 (SD2). Data collected within 2 h of the transition times were excluded from the analysis. Error bars, SEM, n = 4 (D), 3 (N), 7 (SD1), 5 (SN) and 7 (SD2) cells (1 cell retina -1 ). of the clock on the rods primarily occurs in anticipation of daylight. The decrease in amplitude and the slow time course of the rod responses at night may reflect the action of a clock at various regulatory sites. The observed change in I max may be difficult to interpret, as we demonstrate below that rods are electrically coupled at night and therefore the current recorded at night represents the sum of local and axial currents and is likely to be distorted due to space clamp issues and inadequate voltage control. Yet the observed change in I max may reflect an effect of the clock on the outer segment current. The decrease in V max at night could reflect an effect of a clock on the photocurrent, and/or rod electrical coupling, and/or a drop in the rod input resistance (R i ). These possibilities were later tested by using a gap junction antagonist and measuring Ri (see below).
The characteristics of the rod responses to dim light flashes were also different between the day (or subjective day) and the night (or subjective night; Fig. 5 ). The rod single-photon responses were ß50% more reliable at night compared to daytime, as evidenced by a lower observed probability of failure (P 0 ) measured at night (Fig. 5E ). For a flash delivering 0.44R * , P 0 was 61 ± 1% during the day or subjective day (n = 8) and 42 ± 4% at night or subjective night (n = 8; mean ± SEM, P < 0.001, Student's unpaired t test; Fig. 5A , B and F; Tables 3 and  4 ). In addition, the kinetics of the single-photon response were slower at night and subjective night compared to the daytime ( Fig. 5A and B; Tables 3 and 4) . Estimates of the event amplitude (a) were also significantly smaller at night and subjective night (ß1.0 mV) compared to day and subjective day (ß2.4 mV; Fig. 5A -D, K and L; Tables 3 and  4) . However, the SNR was only slightly but significantly decreased between daytime (ß3) and nighttime (ß2), in part because of a reduction in the rod intrinsic noise (σ 2 0 ) of similar amplitude at nighttime ( Fig. 5M and N ; Tables  3 and 4 ). The coupling-induced reduction in fluctuation noise is consistent with experimental and theoretical data from lower vertebrates (Lamb & Simon, 1976; Attwell et al. 1984; Tessier-Lavigne & Attwell, 1988) . Thus, even if the event amplitude a decreased at night, the SNR was less affected by coupling at least in part because of the concomitant decrease in σ 2 0 . Estimates of the effective pool size of coupled rods (N e ) were significantly higher at night and subjective night (ß2.5) compared to daytime (ß1.0; Fig. 5J ; Tables 3 and 4) . Because a reduction in trial-to-trial rod response amplitude variability has been clearly associated with an increase in rod coupling (Fain, 1975; Attwell et al. 1984; Hornstein et al. 2005; Li et al. 2012) , and because N e was significantly higher at night or subjective night compared to daytime, our data strongly suggest that electrical coupling between rods is increased at night in the mouse retina. Consistent with an increase in rod coupling at night, measurements of the rod input resistance (R i ) were lower by ß23% and the rod receptive field size, as measured by the length constant, increased by ß3-fold at night or subjective night compared to the daytime (Fig. 6 ).
Pharmacological control of gap junction coupling
Pharmacological blockade of gap junctions brought additional evidence supporting an increase in rod electrical coupling at night. The gap junction antagonist meclofenamic acid (MFA, 50 μM; Pan et al. 2007 ) was applied (>10 min) after a control (no drug) recording was obtained, so that recordings before and after MFA application were obtained from the same cell. MFA had limited or no effect on the rod light responses and receptive field size during the subjective day (Fig. 7A) . However, application of MFA during the subjective night increased the rod light response amplitude and its variability by ß2-fold and decreased the receptive field size by ß3-fold (Fig. 7B ), so that they resembled those typically observed during the day (Fig. 1 ) or subjective day (Fig. 5) . Application of MFA did not significantly shift the membrane voltage potential during subjective day-1: −40.1 ± 3.3 mV (control) vs. −40.8 ± 2.8 mV (MFA; mean ± SEM; n = 4; P = 0.27; Student's paired t test), or subjective night: −42.4 ± 4.3 mV (control) vs. −35.4 ± 4.17 mV (MFA; mean ± SEM; n = 8; P = 0.39; Student's paired t test). Also, the effects of MFA on the rod light responses and receptive field size were only partially reversible within 30 min (data not shown). Thus, MFA was sufficient to induce a daytime state, thereby confirming that rod coupling was weak during the day or subjective day and stronger at night or subjective night, but also suggesting that the primary effect of the clock on the circadian regulation of the rod light responses is via the modulation of gap junction coupling.
Tracer coupling
In a complementary approach, we measured tracer coupling between rods during day, subjective day, night, and subjective night. The extent of tracer coupling during the subjective day was similar to that observed during daytime ( Fig. 1G and H) and was typically restricted to the injected cell (Figs 4I and 7C and G) . In a few cases (4 out of 14 injections), tracer coupled cells included a cone as well. In contrast, during the subjective night or night, tracer staining was found in numerous (range 11-27) rods and in cones (Figs 4J and 7D and G) , indicating strong rod coupling with neighbouring rods but also neighbouring cones. The average ratio of tracer-coupled cones to rods was 0.12 ± 0.03 (mean ± SEM, n = 6) at night or J Physiol 593.7 (A and B) and the probability density calculated from 150 consecutive recordings from the same cells (C and D) obtained during the subjective day-1 (SD1; A and C) and subjective night (SN; B and D) , some of which are illustrated in A and B, respectively. The peaks of the ensemble mean hyperpolarizations (μ) are 1.10 mV and 0.64 mV, and the peaks of the ensemble variance (σ 2 ) are 2.53 mV 2 and 0.75 mV 2 , in A and B, respectively. Vertical black bars indicate the timing of flashes in A and B. RMP was -32.1 mV in A and -31.9 mV in B. E, probability of failure (P 0 ) as a function of light density and time of day. P 0 was calculated from the series of photovoltage responses to 60-150 consecutive flashes of the same intensity. Light density values were 0.13, 0.25, 0.44, 1.26, 2.52, and 4.44R * . Data obtained during the day (D, n = 23) or subjective day (SD, n = 10) and night (N, n = 10) or subjective night (SN, n = 12) were pooled together (1 rod retina -1 ). Data were fitted to an equation in the form.y = y 0 + A 1 exp (−( x t 1 )) (continuous curves). Two-way ANOVA revealed significant time-of-day effect (F (1,55) = 11.19, P < 0.001), intensity effect (F (5,55) = 29.89, P < 0.001), and time-of-day × intensity effect (F (5,55) = 2.52, P < 0.05). We selected 0.44R * as the intensity to further study the rod response under dim light because at that density P 0 oscillates around 0.5 and thus can be determined accurately, and any deviation from this value can be easily observed. Note that P 0 falls subjective night. Rod-cone coupling is functionally important because it represents a route for rod signals to enter cone pathways (Bloomfield & Dacheux, 2001; Field et al. 2005; Hornstein et al. 2005; Bloomfield & Völgyi, 2009 ). The functional importance of rod-cone coupling on the rod response remains tenuous, but it is conceivable that the strength of rod-cone coupling may modulate rod R i and thereby the rod response (see below). In the presence of MFA (50 μM, > 30 min), rod tracer coupling was strictly restricted to the injected cell ( Fig. 7E  and F) , regardless of the time of day. Together these data provide electrophysiological and tracer coupling evidence that a circadian clock regulates rod electrical coupling. Rod coupling is weak during the day and stronger at night. Retinal dopamine and dopamine D 2 -like receptors control photoreceptor electrical and tracer coupling in the retina of lower vertebrates (Krizaj et al. 1998; Ribelayga et al. 2008; Li et al. 2009) , and similar actions are predicted in mouse based on tracer coupling and immunocytochemistry data (Ribelayga et al. 2008; Li et al. 2013) . Application of the D 2 -like antagonist spiperone (10 μM, > 10 min) during the subjective day, when endogenous retinal dopamine levels are high (Iuvone et al. 2005) , affected the rod light responses and the rod receptive field size so that they resembled those typically observed at night (Fig. 8A) . Application of spiperone usually produced longer light response durations compared to nighttime. This 'super-night' effect of spiperone is likely to be due to the fact that the antagonist blocks D 2 -like receptor activity while nighttime levels of dopamine are low but not insignificant and support some basal activity of the D 2 -like receptors. Detectable low levels of dopamine have been measured at night in the retina of many vertebrates, including mice (Iuvone et al. 2005) . Application of MFA during the subjective day in the presence of spiperone blocked the effects of the D 2 -like receptor antagonist on the rod light responses and receptive field size (Figs 8B and 9). Conversely, application of the D 2 -like receptor agonist quinpirole (1 μM, > 10 min) during the subjective night, when retinal dopamine levels are low (Iuvone et al. 2005) , mimicked the daytime state (Fig. 8C) .
The effects of spiperone and quinpirole depended on the time of day. Application of spiperone during the subjective night, when endogenous retinal dopamine levels are low, or of quinpirole during the subjective day, when dopamine levels are high, had no significant effect on the rod light response kinetics or the receptive field size (Fig. 10) . Furthermore, tracer coupling was extensive during the subjective day in the presence of spiperone and was restricted during the subjective night in the presence of quinpirole, indicating that pharmacological manipulation of the dopamine D 2 -like receptor affected tracer coupling of the rods (Fig. 8D-F) . Application of spiperone did not significantly affect the membrane voltage potential during the subjective day: −37.5 ± 2.5 mV (control) vs. −38.6 ± 2.9 mV (spiperone; mean ± SEM; n = 12; P = 0.78; Student's paired t test), or subjective night: −37.1 ± 5.0 mV (control) vs. −37.7 ± 4.9 mV (spiperone; mean ± SEM; n = 4; P = 0.62; Student's paired t test). Rod baseline voltage was also not significantly altered by application of quinpirole during subjective day: −39.4 ± 3.8 mV (control) vs. −34.6 ± 3.5 mV (quinpirole; mean ± SEM; n = 3; P = 0.41; Student's paired t test), or subjective night: −34.5 ± 3.0 mV (control) vs. −32.9 ± 2.0 mV (quinpirole; mean ± SEM; n = 4; P = 0.44; Student's paired t test). Application of MFA during subjective day in the presence of spiperone blocked the effects of the D 2 -like receptor antagonist on rod tracer coupling (Fig. 8F) . Finally, application of spiperone during day or subjective day decreased the rod input resistance (R i ), whereas application of quinpirole during night or subjective night increased R i (Fig. 8G) . Collectively, these data provide evidence that a circadian clock uses dopamine to control rod function in the mammalian retina and dopamine primarily affects rod electrical coupling, thereby modulating the light responses of rods.
Rod-rod coupling -a computational model
The effects of rod-rod coupling on signal and noise were modelled for a network of coupled rods (N e ) and a number of illuminated cells in the network (M).
rapidly towards 0 when light density > 1R * . F-N, properties of the mouse rod response to dim light stimuli during the day (D), subjective day-1 (SD1), subjective day-2 (SD2), night (N) or subjective night (SN). The photovoltage responses to a series of 60-150 flashes of light of fixed density (0.44R * ) were recorded. Shown are average values of the probability of failure (P 0 ; F), the peak ensemble mean (μ; G), the ensemble peak variance (σ 2 ; H), the mean number of responses per flash (m; I), the number of effectively coupled rods (N e ; J), the estimated (K) or observed (L) mean amplitude of the single photon response (a), the dark noise (σ 2 0 ; M), and the SNR (N) from cells recorded during the D (n = 3), SD1 (n = 3), SD2 (n = 2), N (n = 3) or SN (n = 5; 1 cell retina -1 ). For some of the parameters, different estimates were obtained from different equations illustrated as bars of different colour (see Methods for details and Tables 3 and 4 for individual values). Error bars, SEM * P < 0.05, * * P < 0.01, * * * P < 0.001 (unpaired Student t test). 
<0.001
Observed dark noise 
Observed dark noise Coupling was assumed to be 'perfect' , that is the gap junction conductance between rods is infinite, and the light responses are equivalent in all coupled rods. For simplification, we excluded the cones from the analysis as they do not intrinsically respond to dim light stimuli. Modelling was based on previous studies (Baylor et al. 1979; Tessier-Lavigne & Attwell, 1988; Hornstein et al. 2005 ) and on our measurements of the rod light response kinetics obtained in the presence of MFA, that is, for individual rods (see Methods for details). We first calculated the probability density function for an intensity i = 0.44R * and a varying number of coupled rods (N e ) with the number of illuminated rods in the network (M) set to 1 (Fig. 11A) . With i = 0.44R * , it is expected that only one rod in a network of 2.40 coupled rods (2.4 × 0.44 1) elicits a response at night, thereby allowing us to compare the experimental data to the model. Our experimental data fitted almost perfectly with the model for N e = 1.13 (daytime value; Fig. 11B ) and for N e = 2.40 (nighttime value; Fig. 11C ).
In addition, we calculated the probability of failure (P 0 ) from the probability density and cumulative density functions of the first component (k = 0) and observed a perfect fit of the experimental data with the calculated model ( Fig. 11D-F) . These experiments confirm a major contribution of rod-rod coupling in shaping the probability density function and the probability of detecting a response when recording from the rod inner segment. We next modelled the behaviour of the single event amplitude (a), rod intrinsic noise (σ 2 0 ), the dispersion in the single event amplitude (σ 2 1 ), and the SNR for varying N e and M set to 1. The model revealed that the increase in coupling at night we measured (N e = 2.40) results in a ß50% decrease in a but in only a ß15% decrease in the SNR (Fig. 11G ). Although the model globally agrees with published studies (Tessier-Lavigne & Attwell, 1988; Hornstein et al. 2005) in that an increase in rod-rod coupling is detrimental to both a and the SNR, it also demonstrates that the modest coupling between rods we measured at night has less impact on the SNR.
We next modelled the rod light response amplitude and the SNR for varying numbers of illuminated rods in the network (M), with i = 1R * in each illuminated rod. The models in Fig. 11H and I predict values of a and of the SNR that are very close to the experimental values. Also, in agreement with previous studies (Tessier-Lavigne & Attwell, 1988; Hornstein et al. 2005) and Fig. 11G , the models confirm that under dim illumination, the rod response amplitude and the SNR are degraded when rods (SN) . B, average values of the space constant (λ) measured during the day (D), night (N), subjective day-1 (SD1), subjective day-2 (SD2), or subjective night (SN). A two-way ANOVA of the data was performed. The between-group factor was the type of lighting cycle (i.e. 12 h light-12 h dark cycle or circadian cycle) and the intra-group was time of D (D or N). ANOVA of the data revealed significant time of D effect (F (1,33) = 110.90, P < 0.001) but no type of lighting cycle effect (F (1,33) = 2.88, P = 0.10) or time of D × type of lighting cycle effect (F (1,33) = 1.29, P = 0.26). n is shown for each condition on the figure (1 cell retina) . Error bars, SEM. C, comparison of R i measurements obtained during the day (D), night (N), subjective day-1 (SD1), subjective day-2 (SD2), or subjective night (SN). R i of the recorded rods was measured using a 5 mV voltage step (see Methods for details). A two-way ANOVA of the data was performed. The between-group factor was the type of lighting cycle (i.e. 12 h light-12 h dark cycle or circadian cycle) and the intra-group was time of D (D or N). ANOVA of the data revealed significant time of D effect (F (1,58) = 12.51, P < 0.001) but no type of lighting cycle effect (F (1,58) = 1.67, P = 0.20) or time of D × type of lighting cycle effect (F (1,58) = 0.35, P = 0.56). n is shown for each condition on the figure (1 cell retina -1 ). Error bars, SEM. -d, Ba-d) and rod receptive field size (Ae and Be) during the subjective day (SD; Aa-e) and the subjective night (SN; Ba-e). Shown are examples of amplitude fluctuation of rods to a full-field 500 nm light stimulus of fixed intensity (0.44R * ) recorded under dark-adapted conditions (dark traces) and after ß15 min application of MFA (blue traces) during the SD1 (Aa) or the SN (Ba) and rod responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity during the SD1 (Ab) or the SN (Bb). RMP was -33.5 mV (control) and -32.3 mV (MFA) for cell in Aa, -39.9 mV (control) and -40.3 mV (MFA) for cell in Ab, -30.2 mV (control) and -33.4 mV (MFA) for cell in Ba, and -47.7 mV (control) and -41.9 mV (MFA) for cell in Bb. Also illustrated are averaged (Ac and Bc) and normalized (Ad and Bd) intensity-response curves and receptive field size (Ae and Be) of rods recorded during the D or SD (Ac-e) and N or SN (Bc-e) under control conditions (black points and curves) and after ß15 min application of MFA (blue points and curves). Vertical black bars indicate the timing of flashes, and the probability of failure (P 0 ) is given (Aa and Bb). The P value in Ac, Ad, Bc and Bd was calculated for interactions between light density and treatment (control or MFA; two-way ANOVA). In Ae and Be, * * * P < 0.001, ns: non-significant (P > 0.05; paired Student t test). Error bars, SEM; n is shown for each condition on the figure (1 cell retina -1 ). All recordings were paired (i.e. same cell recorded before (control) and after (>10 min) MFA application). C-F, neurobiotin tracer coupling between photoreceptors under control conditions during the subjective day-1 (SD1; Ca and b) or the subjective night (SN; Da and b) and in the presence of MFA (50 μM, > 30 min) during the SD1 (Ea and b) or the SN (Fa  and b) . Coupled photoreceptor cells during SN included rods and cones (labelled with PNA, white arrows in Da). Panels show confocal images of whole-mount retinae at the level of the cone inner segments (optical sections, 5 × 1 μm; Ca, Da, Ea, Fa) and 3D projections of 70-μm thick Z-stacks of the outer nuclear layer of the same area (Cb, Db, Eb, Fb) . Scale bars: 5 μm. G, distribution of the number of tracer coupled cells during the day (D), subjective day-1 (SD1), subjective day-2 (SD2), night (N) and subjective night (SN). n is shown for each condition on the figure. In the presence of MFA, tracer remained exclusively in the injected cell (D: n = 3; N: n = 3; SD1: n = 2; SN: n = 2; SD2: n = 3; not illustrated for clarity purposes). are coupled, and only a single rod in the network elicits a single photon response. However, both are improved when rods are coupled, and the stimulus covers more than one rod in the network. Overall, the conclusions drawn from our modelling studies are in agreement with the literature and confirm that under dim light, coupling is detrimental to the detection of small stimuli by rods but is actually beneficial for large stimuli (Tessier-Lavigne & Attwell, 1988; Hornstein et al. 2005; Li et al. 2012) . However, our analysis also demonstrates that the extent of rod-rod coupling observed at night in the mouse retina does not prevent the rod single-photon response and has a limited impact on the SNR.
We next modelled the amplitude of the rod response as a function of the light density (i) for a spatially restricted stimulus (M = 1; Fig. 11J ) and for a large (full-field) stimulus (M = N e ; Fig. 11K ). The theory states that weak coupling should minimally affect the rod light response at any intensity and for any size of stimulus because of the minimal contribution of neighbouring cells. On the contrary, when rods are coupled, coupling is expected to have a maximal effect when the stimulus is focused and a minimal effect when the stimulus is uniform and all rods undergo the same voltage displacement and no current flows through the junctional resistances coupling the cells (Tessier-Lavigne & Attwell, 1988) . The data collected during the day or subjective day fitted well to both models, consistent with the minimal influence of the neighbouring photoreceptor cells on the response of a rod when electrical coupling is weak (Fig. 11J and K) . The data collected at night or subjective night fitted well to both models as well for when i < 1R
* , because at this light density, the stimulus is not uniform and can be considered as spatially restricted, in particular when N e is small. However, contrary to the theory, the data we collected at night or subjective night using a full-field light stimulus of intensity i > 1R
* better fitted the model for a spatially restricted stimulus (Fig. 11J) than the model for a full-field stimulus (Fig. 11K) . Thus, our mathematical analysis of the rod network was able to predict the behaviour of the rod response during the day for any type of stimulus and intensity and during the night for dim and spatially restricted stimuli but fell short in providing an explanation for the behaviour of the rod light response at night for a large light stimulus of intensity i > 1R * ( Fig. 11J and K) . The poor fit between the rod responses to bright uniform stimuli at night and our model may reflect the limitations of a model based solely on a network of perfectly coupled rods and that excluded A, blocking dopamine D 2 -like receptors during the subjective day (SD) mimics the nighttime state. Examples of rod responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity recorded under dark-adapted conditions during the subjective day-1 (SD1) under control conditions (no drug, dark trace) and following the application of the D 2 -like receptor antagonist spiperone (10 μM, > 10 min, red trace; Aa). Partial recovery after washout (no drug, green trace) was after 15 min. Averaged (Ab) and normalized (Ac) intensity-response curves and receptive field size (Ad) of rods recorded during the day (D) or SD under control conditions (black points and curves) and after ß15 min application of spiperone (red points and curves). B, MFA blocks the effects of spiperone. Representative example of rod responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity recorded under dark-adapted conditions during the SD1 in the presence of spiperone (10 μM, > 15 min) before (red trace) and during application of MFA (50 μM, > 15 min, blue trace; Ba). Averaged (Bb) and normalized (Bc) intensity-response curves and receptive field size (Bd) of rods recorded during the D or SD after ß15 min application of spiperone (red points and curves) and after ß15 min application of spiperone and MFA (blue points and curves). C, activating dopamine D 2 -like receptors at night (N) mimics the daytime state. Example of rod responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity recorded under dark-adapted conditions during the subjective night (SN) before (no drug, dark trace) and during application of the D 2 -like receptor agonist quinpirole (1 μM, > 10 min, green trace; Ca). Averaged (Cb) and normalized (Cc) intensity-response curves and receptive field size (Cd) of rods recorded during the N or SN under control conditions (black points and curves) and after ß15 min application of quinpirole (green points and curves). Arrowheads in Ba and Ca indicate the peak of the response under spiperone and control conditions, respectively. RMP was -38.7 mV (control), -38.0 mV (spiperone) and -41.5 mV (washout) for cell in Aa, -47.2 mV (spiperone) and -38.6 mV (spiperone + MFA) for cell in Ba, and -36.3 mV (control) and -40.7 mV (quinpirole) for cell in Ca. Statistical analysis performed as described in Fig. 7 . All recordings were paired (i.e. same cell recorded before (control) and after (>10 min) drug application). Fig. 6C were pooled together, respectively, and used as the control. During the daytime, MFA significantly increased and spiperone decreased R i . However, the effects of spiperone on R i were blocked by the co-application of MFA (one-way ANOVA, F (3,57) = 7.47, P < 0.001). At N, application of MFA or quinpirole significantly increased R i (one-way ANOVA, F (2,30) = 9.57, P < 0.001). * P < 0.05, * * P < 0.01 when compared to the D, SD1 and SD2; + P < 0.05, +++ P < 0.001 when compared to the N and SN (Tukey's post hoc test). Shown are averaged measurements ± SEM from 4-37 cells (n is indicated for each condition on the figure) . J Physiol 593.7 cones. In fact, the rod response behaviour at night could be explained by the presence of cones coupled to rods through gap junctions that shunt the rod light response. To test this possibility, we developed a resistive-capacitive model of the mouse photoreceptor network (see below).
Resistive-capacitive model of the mouse photoreceptor network
We developed a simplified resistive-capacitive model to calculate whether electrical coupling between rods and cones would affect the kinetics of the rod light responses (see Methods for details). An idealized lattice of connected rods and cones in mouse retina was first drawn based on published anatomical data (Tsukamoto et al. 2001 ; Fig. 12A ). An equivalent resistive, capacitive and inductive model was then developed (Fig. 12B ) and simplified into a resistive-capacitive circuit (Fig. 12C) by making a few reasonable assumptions. In particular, the model assumed that no net current should flow through the rod-rod gap junctions or the cone-cone gap junctions when the light stimulus is uniform (see Methods for details). In addition, the model assumed a value for the rod membrane resistance (R mr ) of 2.4 G based on our own measurements of the instantaneous input resistance performed during the day (see Fig. 6C ) and a value for the cone membrane resistance (R mc ) identical to that of the rods. The rod membrane capacitance (C mr ) ranged from 8 to 10 pF based on our whole-cell recordings (data not shown) and was set to 10 pF. As mouse rods and cones have a similar cell volume, we set the cone membrane capacitance to 10 pF. We calculated reasonable limits of the rod-cone junctional conductance (G j(r-c) ) as follows. Both the phosphorylation state of connexin36 (Cx36), which mirrors the strength of photoreceptor electrical coupling, and photoreceptor tracer coupling vary through a 20-fold dynamic range between day and night (Ribelayga et al. 2008; Li et al. 2013) . Assuming that (1) rod-cone coupling is primarily regulated by Cx36 phosphorylation; (2) that G j(r-c) in mouse is close to the values reported in ground squirrel (ß100-200 pS; Li et al. 2010) , and that these estimates were obtained during the day; and (3) that a 20-fold change in Cx36 phosphorylation between day and night reflects a 20-fold change in junction conductance, then the nighttime value of G j(r-c) may be close to 200 × 20 = 4000 pS. Thus, the resistance of the rod-cone gap junction (R j(r-c) ) may theoretically vary between ß10 G during the day (weak coupling) and ß0.3 G at night (strong coupling).
We simulated the membrane voltage (V) for a rod within the coupled network in response to a current injection mimicking the photocurrent elicited by a full-field flash of light (see Methods for details). We used a daytime current waveform to model the effects of rod-cone coupling on the rod voltage responses in the absence Figure 9 . MFA reverses the effects of the D 2 -like receptor antagonist spiperone on the rod light response properties and receptor field size A, examples of rod responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity recorded under dark-adapted conditions during the subjective day-1 (SD1) under control conditions (no drug, dark trace), following the application of the D 2 -like receptor antagonist spiperone (10 μM, > 10 min, red trace), and following the subsequent application of spiperone together with the gap junction antagonist MFA (50 μM; > 10 min, blue trace). Resting membrane potential was -41.3 mV (control), -39.7 mV (spiperone) and -40.0 mV (spiperone + MFA). B and C, averaged (B) and normalized (C) intensity-response curves and receptive field size (D) of rods recorded during the SD1 under control conditions (black points and curves), after ß15 min application of spiperone (red points and curves) and after ß15 min of co-application of spiperone and MFA (blue points and curves). The P value in B and C was calculated for interactions between light density and treatment (control or drug; two-way ANOVA). In D, a one-way ANOVA of the data revealed significant difference between the experimental conditions (F (2,8) = 24.86, P < 0.01). n = 6 (B and C) and 3 (D). Error bars, SEM (1 cell retina -1 ).
of any potential clock effect on the photocurrent. All the 30 rods electrically connected to the cone received the current injection simultaneously. We assumed that when R j(r-c) = 30,000 G , R j(r-c) was high enough so that the recorded rod was electrically isolated from the cone. Under these conditions, the rod RMP was −30 mV and the amplitude of the current-evoked voltage response was close to −25 mV (Fig. 12D) . Increasing rod-cone coupling, or decreasing R j(r-c) , did not significantly change the rod RMP or the amplitude or kinetics of the response (Fig. 12D) . Thus, the model indicates that rod-cone coupling results in little attenuation of rod signals during full-field stimulation.
Assuming that R j(r-c) = 10 G was high enough to represent weak rod-cone electrical coupling, or the daytime state, and that R j(r-c) = 0.3 G was low enough to represent strong rod-cone electrical coupling, or the nighttime state, we then simulated the rod voltage for current injections mimicking the daytime current responses to flashes of increasing intensity (Fig. 12E  and F) . With R j(r-c) = 10 G , we observed voltage responses that mirrored those of the simulated current and resembled the rod recordings obtained during the daytime (Fig. 12G) . With R j(r-c) = 0.3 G , the voltage responses were essentially undistinguishable from the ones obtained with R j(r-c) = 10 G in Fig. 12E (Fig. 12F) . These observations support the interpretation of Fig. 12D : change in rod-cone coupling does not significantly alter the rod RMP or response wave shape.
The reason why rod polarization and responses are not affected much by the strength of rod-cone coupling probably resides in the peculiar arrangement and connectivity pattern of rods and cones in mouse retina. A single cone is connected to ß30 rods whereas Examples of rod responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity recorded under dark-adapted conditions during the SN under control conditions (no drug, dark trace) and following the application of the D 2 -like receptor antagonist spiperone (10 μM, > 10 min, red trace; Aa). Averaged (Ab) and normalized (Ac) intensity-response curves and receptive field size (Ad) of rods recorded during the SN under control conditions (black points and curves) and after ß15 min application of spiperone (red points and curves). B, application of quinpirole during the subjective day (SD) had no effect on the rod light responses kinetics or receptive field size. Examples of rod responses to a series of 20 ms full-field 500 nm light flashes of increasing intensity recorded under dark-adapted conditions during the SD under control conditions (no drug, dark trace) and following the application of the D 2 -like receptor agonist quinpirole (1 μM, > 10 min, green trace; Ba). Averaged (Bb) and normalized (Bc) intensity-response curves and receptive field size (Bd) of rods recorded during the SD between CT06 and CT09, under control conditions (black points and curves) and after ß15 min application of the D 2 -like receptor agonist quinpirole (green points and curves). The P values in Ab, Ac, Bb, and Bc were calculated for interactions between light density and treatment (control or drug; two-way ANOVA). ns, non-significant; P > 0.05; Student's paired t test). Arrowheads in Aa and Ba indicate the peak of the response under control conditions. Error bars, SEM (1 cell retina -1 ). Resting membrane potential was -43.5 mV (control) and -41.5 mV (spiperone) for cell in Aa, and -42.4 mV (control) and -41.6 mV (quinpirole) for cell in Ba. J Physiol 593.7 Figure 11. Rod network modelling A, probability density function calculated for different numbers of coupled rods in the network (N e ). See eqn (20) (Methods) for details. B, probability density function calculated with eqn (20) for N e = 1.13 (daytime model) and with eqn (8) using the averaged experimental values of m, a, σ 2 0 , and σ 2 1 obtained during subjective day (SD) or day (D; Table 3 ). P value was obtained from χ 2 goodness of fit. C, probability density function calculated with eqn (20) for N e = 2.40 (nighttime model) and with eqn (8) using the averaged experimental values of m, a, σ 2 0 , and σ 2 1 obtained during subjective night (SN) or night (N; Table 4 ). P value was obtained from χ 2 goodness of fit.
each rod is connected to only one cone (Tsukamoto et al. 2001 ; Fig. 12A ). Because of the large number of rods connected to a cone, strong rod-cone coupling would be expected to drive the cone RMP towards that of the rods. In addition, for a full-field light stimulus, each rod would be receiving the same light flux, and this collective signal presumably would be transmitted very cleanly to the cone when rod-cone coupling is strong. As a result, one might expect that the cone would receive a robust signal from the rods and the full amplitude would be recorded from a single rod. Using the model, we directly tested the possibility that the cone voltage is driven by the rods by simulating the membrane voltage for the cone in response to a current injection in the rods (Fig. 12G) . When the cone was electrically isolated from the rods (R j(r-c) = 30,000 G ), the cone membrane potential rested at −45 mV and no current-evoked voltage response was observed. Decreasing R j(r-c) to 10,000 G shifted the cone RMP towards that of the rod, i.e. more positive values, and a small current-evoked voltage response was observed.
Further decreasing R j(r-c) moved the cone RMP closer to that of an isolated rod (−30 mV) and increased the amplitude of the response (Fig. 12G) . The model indicates that within the range R j(r-c) is expected to vary between day and night (0.3-10 G ), rods efficiently drive the cone RMP and light responses, whereas cones have little or no impact on the rod polarization or light responses. Overall, the model demonstrates that the rod membrane polarization and response amplitude and kinetics are not affected much by the strength of rod-cone coupling (Fig. 12D-F) . Thus, the resistive-capacitive model provides weak support for an important role of rod-cone coupling in the linear modulation of the rod polarization and light response. Alternative mechanisms are likely to be at play to shape the rod responses (see Discussion below).
Discussion
Despite the presence of gap junctions between rods in most vertebrates (Bloomfield & Völgyi, 2009) , the functional role and regulation of rod electrical coupling has remained largely unresolved. The functional significance of rod coupling has been particularly questioned in mammals, because rod coupling is expected to degrade the SNR and the detection of dim, focused-light stimuli (Tsukamoto et al. 2001; Okawa & Sampath, 2007) . However, recent work has provided undeniable evidence that mammalian rods are electrically coupled (Li et al. 2012) .
This study provides evidence that mammalian rod coupling is dynamically regulated. Rod coupling is weak during the day and stronger at night. The coupled state of rods at night does not prevent rods from detecting single photons, even though the amplitude of the single event and the SNR are reduced. However, because of signal averaging in the network of coupled rods, the SNR for a dim (multiphoton) light response is increased. Therefore, the nocturnal increase in rod coupling represents a trade-off Tables 3 and 4 and eqns (23) and (24) (Tables  3 and 4 ). Note that both the response amplitude and the SNR decrease when N e increases. However, for a given N e , increasing the number of rods illuminated (M) increases the rod response towards a limit that equals its value in an isolated rod. The SNR also increases when M increases but beyond the limit set by an isolated rod when M approaches N e . Thus, coupling reduces the rod response amplitude and SNR for small stimuli but is beneficial for the detection of large stimuli. J and K, light response amplitude of an illuminated rod as a function of light density (i) for a spatially restricted stimulus (M = 1; J) and for a full-field stimulus (M = N e ; K). Shown are curves calculated with N e = 1.13 (daytime model) and N e = 2.4 (nighttime model; see eqn (25) for details). The model predicts that for I < 1R * , an increase in coupling would lower the response amplitude whatever the extent of the stimulus because of the influence of the coupled rods. However, for i ≥ 1R * , coupling should affect the response amplitude only when the stimulus is restricted to the illuminated rod and should not affect the response amplitude when the stimulus covers the entire field. Experimental values obtained during SD or D (n = 65) and SN or N (n = 25) with full field stimuli of intensity i = 0.44, 4.4, 44 and 440R * are shown for comparison. As expected, SD or D values fitted well both models because the rods are essentially in a decoupled state during the SD or D. However, contrary to the prediction, SN or N values fitted well the model in J and poorly the model in K. See eqn (25) (Methods) for details. A density of 0.01 means that 1R * is elicited in the illuminated rod and that no response occurs in the 99 neighbouring rods. Error bars, SEM; P value was obtained from χ 2 goodness of fit.
J Physiol 593.7 Figure 12 . Resistive-capacitive model of the mouse photoreceptor network A, idealized arrangement of the rods and cones in the mouse retina. Each rod (blue circles) is electrically coupled to its 4 closest neighbours and to 1 cone (pink circle). Each cone is coupled to most of the rods in its vicinity and to other cones as well. See Methods for details. B, an electrical equivalent resistive-capacitive-inductive circuit model of the photoreceptor network of the mouse. C mc , cone membrane capacitance; C mr , rod membrane capacitance; COS, cone outer segment; E c , reversal potential of the cone light sensitive conductance; E r , reversal potential of the rod light sensitive conductance; L c , cone inductance; L r , rod inductance; R Lc , cone shunt resistance; R Lr , rod shunt resistance; R j(c-c) , cone-cone junction resistance; R j(r-c) , rod-cone junction resistance; R j(r-r) , rod-rod junction resistance; R mc , cone membrane resistance; R mr , rod membrane resistance; ROS, rod outer segment; V, rod membrane potential; V c , cone membrane potential. C, a simplified equivalent resistive-capacitive circuit model of the mouse photoreceptor network we used for simulation of the rod membrane potential as a function of current and time. The cone compartment is connected to 30 rods. The RMP of the rod is set at -30 mV and that of the cone at -45 mV. Insert shows the simulated daytime current waveforms injected simultaneously in each of the rod compartments to simulate changes in the dark current caused by the phototransduction processes for a flash intensity of 4.4R * , 44R * or 440R * . Current peak is 7, 8.8 and 10.5 pA for flash intensities of 4.4R * , 44R * or 440R * , respectively. D, simulation of the rod membrane potential (c) as a function of time for different values of between the size of the rod response and the probability of detecting scarce photons. The possible physiological implications of this trade-off are further discussed below.
Our results also indicate that a circadian clock in mouse retina controls the light responses of rod photoreceptors and that the pathway of control includes dopamine, D 2 -like receptors, and gap junctions in rods. The clock controls the strength of rod coupling to anticipate the change in light intensity which accompanies the break of dawn (Fig. 3E) . When viewed from this perspective, the circadian clock, and not the dark-adapted state of the retina, is a key regulator of rod function.
The rod gap junction is a primary target of the clock to control rod electrical coupling and the rod light response
We report that the trial-to-trial variability of the rod light response amplitude to dim light flashes is lower at night and that the number of effectively coupled rods (N e ) is increased at night (Fig. 5) . Together with the increase in rod-tracer coupling and receptive field size observed at night (Figs 6 and 7) , and the excellent fit of the recording data to our model (Fig. 11) , our observations provide converging evidence that gap junction coupling between rods is low during the day and increased at night. In addition, our data indicate that the circadian clock controls some aspects of the phototransduction cascade. However, our observations that acute blockade of gap junction coupling with MFA during the subjective night (Fig. 7) , or during the subjective day in the presence of spiperone (Figs 8 and 9 ), rapidly enlarged the rod response to a daytime state and reduced the rod receptive field size and tracer coupling suggest that the modulation of the photocurrent by the clock is likely to be secondary to modulation of gap junction conductance (this point is further discussed below). Thus, the current results confirm that mammalian rods are electrically coupled and provide insight into the mechanisms regulating rod coupling.
A clock effect on the collecting area of single rods (A c ) is unlikely because an increase in A c at night would increase the sensitivity of the rods to light at all densities and shift the response-intensity curve to the left (lower light densities), which is not what we observed ( Fig. 3D ; Tables  1 and 2 ). Finally, a role for the circadian rhythm in rod disk shedding (LaVail, 1976) in the rhythmic control of the rod light responses is unlikely based on the fact that pharmacological manipulation of the rod light responses could be obtained on isolated neural retinae separated from the pigmented epithelium (Figs 7-10) .
A potential limitation of the present analysis is that it rests on the measurements obtained from patch-clamp recording of single rods. Recording from pairs of neighbouring rods would yield direct measurements of the rod-rod junction conductance (G j ). Yet our measurements of the mouse rod input resistance (R i ) and the demonstration that R i changes between day and night (Figs 6C and 8G) can be used to make an estimate of G j . The input conductance (G i , with G i = 1/R i ) reflects both the junction conductance (G j ) and the membrane conductance (G m ). Assuming that G m of dark-adapted mouse rods does not change significantly between the day and night (as suggested by the fact that MFA increases G i to the same level day and night; Fig. 8G ), we can set an upper limit on G j as the difference between G i measured at night (G i-N ) and during the day in the presence of MFA (G i-D + MFA ). From the averaged data illustrated in Fig. 8G , we can conclude
These estimates are in good agreement, though slightly lower, than the average values of G j between guinea-pig rods (386 pS; Li et al. 2012) and between ground squirrel cones (217 pS; Li & DeVries, 2004) .
The nature of the connexin (Cx) expressed in mammalian rods is unknown (Bloomfield & Völgyi, 2009; Li et al. 2013) , but it has been clearly identified as Cx35, which is the orthologue of mammalian Cx36, in lower vertebrates (Zhang & Wu, 2004; Bloomfield & Völgyi, 2009) . Cx35/36 is expressed in the cones in all vertebrates the rod-cone gap junction resistance (R j(r-c) ) ranging from 0 to 30,000 G ( no coupling). Simulated daytime current for a flash of 440R * , R mc = R mr = 2.4 G and C mr = C mc = 10 pF. Note that a change in R j(r-c) does not significantly affect the rod RMP or the amplitude or kinetics of the response. Thus, the rod RMP and light response remain essentially unaffected by strength of rod-cone coupling. E and F, simulation of the rod membrane potential (V) as a function of time for different values of light density using daytime current functions when rods and cones are weakly coupled (R j(r-c) = 10 G at all 30 rod-cone gap junctions; E) or strongly coupled (R j(r-c) = 0.3 G at all 30 rod-cone gap junctions; F). The model predicts that when rods and cones are either weakly coupled (E) or strongly coupled (F), the simulated traces essentially mirror the current traces and resemble those recorded during the daytime and depicted in Figs 1A and 3A. R mc = R mr = 2.4 G and C mr = C mc = 10 pF. (G) Simulation of the cone membrane potential (V c ) as a function of time for different values of the rod-cone gap junction resistance (R j(r-c) ) ranging from 0 to 30,000 G ( no coupling). Simulated daytime current waveforms for a flash of 440R * were injected simultaneously in each of the rod compartments, R mc = R mr = 2.4 G and C mr = C mc = 10 pF. The cone photocurrent was ignored in the model (see Methods for details). Note the strong influence of the coupled rods on the cone polarization for R j(r-c) ≤ 30 G . Overall, the model predicts that the rod polarization and the speed and amplitude of the rod voltage response should remain essentially unaffected by the state of rod-cone coupling.
J Physiol 593.7 studied so far, including the mouse (Bloomfield & Völgyi, 2009; Li et al. 2013) and primate (O'Brien et al. 2012) . Cx36 has the lowest unitary conductance of all the Cxs at ß15 pS (Srinivas et al. 1999; Bloomfield & Völgyi, 2009; Völgyi et al. 2013) . A value of 200 pS for G j translates into 200/15 = 14 open Cx36 channels. Assuming that ß1% of the channels are open at any time (Teubner et al. 2000) , 14 × 100 = 1400 channels would be required. If an entire plaque were composed of Cx36 channels at a density of ß10,000 channels μm −2 (Caspar et al. 1977) , 1400 channels would form a single gap junction plaque of area ß0.14 μm 2 . Considering that each rod is electrically coupled to 1-4 neighbouring rods (Raviola & Gilula, 1973; Tsukamoto et al. 2001) , our estimates of the size of a gap junction plaque between 2 coupled rods range from 0.035 to 0.14 μm 2 . These values are likely to be overestimated as each rod is also coupled to 1 cone (Tsukamoto et al. 2001, this study) . Thus, calculation of gap junction size based on estimated G j predicts small plaques and is consistent with results from electron microscopy (Raviola & Gilula, 1973; Tsukamoto et al. 2001) and immunohistochemical (O'Brien et al. 2012; Li et al. 2013 ) studies.
Do cones contribute to the circadian regulation of the rod light response?
Although rod-cone interactions are well established and convey fundamental properties of vision (Bloomfield & Dacheux, 2001; Field et al. 2005) , the influence of cone photoreceptors on the rod light response remains largely unknown. Our data raise the possibility that rod-cone coupling may modulate the rod light response at night. Firstly, our tracer coupling data clearly indicate that mouse cones are tracer-coupled to rods (Fig. 7D and J) , in agreement with previously published work (Ribelayga et al. 2008; Li et al. 2013) . Secondly, the hyperpolarization of the rods at night is consistent with strong rod-cone coupling because cones are much more hyperpolarized at rest than rods (Cangiano et al. 2012) .
The simple 'perfect coupling' model is consistent with the well-accepted view that under full-field illumination, the effect of rod coupling should be maximal at intensities that deliver less than 1R
* and minimal at intensities that deliver more than 1R * . This is because when light intensity elicits less than 1R * , the single-photon signal is averaged within the network of coupled rods. When light intensity is ≥ 1R * , the full-field stimulus becomes homogeneous, the rods are isopotential, and no net current should flow from rod to rod through gap junctions during illumination (Tessier-Lavigne & Attwell, 1988) . However, as shown in Fig. 3B and C, the maximum amplitude of the rod response (V max ) measured at night or subjective night was ß50% smaller than that measured in the day or subjective day ( Fig. 3C ; Tables 3 and 4), a result that cannot be explained only by the increase in rod-rod coupling ( Fig. 11J and K) . In fact, the rod responses we recorded at night or subjective night behaved as if the light stimulus was spatially restricted (Fig. 11J and K) . Yet, as shown in Fig. 7B , blocking the gap junctions with 50 μM MFA at night was sufficient to increase amplitude and induce a daytime state. In contrast, 50 μM MFA had minimal effect on the rod light responses when applied during the day (Fig. 7A) . Collectively, the effects of MFA indicate that the modulation of electrical coupling is key to the control of the rod light response amplitude.
One possibility to explain these surprising results is that rod-cone coupling affects the rod response to light. That is, the decrease in the rod V max at night may reflect the influence of rod-cone coupling because cones are less sensitive to light, have a higher threshold, and may act as 'sinks' . In addition, because mouse cones rest at a much more hyperpolarized potential than rods (Cangiano et al. 2012) , cones may hyperpolarize the rods at night and this in turn may affect the rod light response. The increased polarization of the rod membrane at night we report here is consistent with this possibility. However, in a simplified resistive-capacitive model (Fig. 12) , we calculated that strong rod-cone coupling would have little, if any, influence on the polarization of the rods or the amplitude of the rod voltage response. In addition, the model demonstrates that the properties of the resistive-capacitive network do not slow the rod response kinetics. Thus, the resistive-capacitive model cannot produce the major effects of the lower amplitude and wave shape of the rod response at night, indicating that rod-cone coupling does not play a major role in the linear modulation of the rod light response and that additional mechanisms are likely to be at play.
Does the clock control the outer segment current?
There is excellent quantitative agreement between the change in the current responses and the change in the voltage responses recorded in rods during subjective day or subjective night ( Figs 3 and 4) . That is, the difference in the amplitude and time course of these currents appears to reproduce the major fraction of the change in amplitude and time course of voltage responses. It is therefore possible that the photocurrent we recorded at night is, despite the limitations of the patch-clamp technique, slower and of lower amplitude than that recorded during the day. However, increased electrical coupling at night should increase the amplitude of the current response in the recorded rod, and not decrease it. The reasoning is as follows. A voltage clamp located at the inner segment separates the outer segment current input on one side, from gap junction current inputs at the rod terminal on the other side; therefore the measured current due to the outer segment will not be affected by the extent of electrical coupling. The current arising from the gap junction-coupled cone and rods obviously will depend on the strength of coupling, but importantly it will augment the light-evoked current measured at the inner segment. The augmentation occurs because the coupled photoreceptors will not be well-clamped, and therefore during a full-field light stimulus the coupled cone-rods will hyperpolarize relative to the recorded rod. This relative hyperpolarization will induce a net outward current through the gap junctions in the recorded rod, and this outward current will add to the light-evoked outward current produced in the outer segment of the rod. Thus, coupling should increase the amplitude of the light response recorded by a voltage clamp at the inner segment, and therefore the large reduction in the light-evoked current (Fig. 3) suggests a large circadian effect on the outer segment current, which in turn will produce a similar change in the light-evoked voltage response.
Whether the clock and/or dopamine directly control some of the elements of the transduction cascade or whether the modulation of the photocurrent is secondary to the modulation of rod-rod and/or rod-cone coupling remains to be determined. Indeed, the hyperpolarization of the rods at night is expected to change the level of internal calcium or some other molecule. Such a change might lead to a longer time constant for rhodopsin activation and/or calcium feedback to complete recovery from the light response (see Burns & Pugh, 2010, for review) . Other mechanisms, such as changes in proteins that regulate the timing of response recovery may also be involved (Burns & Pugh, 2010) . In addition, the increase in the duration of the near-peak (saturated) plateau at night is a highly non-linear transformation. This non-linearity could be caused by one or more of the components of the transduction cascade being driven above the level necessary to shut down the light-modulated ion channel, with the recovery phase components being unable to keep up. As a result the current through the light-modulated channel stays turned off for a longer time than for the weaker light fluxes. Also, modulation of voltage-gated channels may not be ruled out.
Although we cannot rule out the possibility that the clock uses dopamine to directly modulate some elements of the phototransduction cascade or some other mechanism, the absence of a noticeable effect of spiperone on the rod light responses in the presence of the gap junction blocker MFA indicates that this is unlikely ( Figs 8B and 9) .
Further analysis of the involvement of electrical coupling in the smaller rod response and its wave shape at night will require a genetic approach, which we are currently developing. In particular we are planning to use a mouse model that lacks Cx36. Cx36 is clearly expressed in cones in mouse, but it is still unclear whether it is expressed in rods as well (Bloomfield & Völgyi, 2009) . If the rod connexin is not Cx36, then Cx36 −/− mice will still be useful to study the behaviour of the rods in the absence of the cone influence. Our recordings of the current light response under voltage clamp (Figs 3 and 4) , with all the limitations of potential space clamp problems, suggests a modulation of the photocurrent by the clock. The lack of electrical coupling between rods and cones that is expected in Cx36 −/− mice will create favourable space clamp conditions to study the regulation of the rod photocurrent by the clock and dopamine in detail.
The Cx36 −/− line is on a C57Bl/6 J background. Our preliminary data indicate that rod coupling is constitutively weak in C57Bl/6 J (N. Jin & C. P. Ribelayga, unpublished data). As a consequence, we are in the process of moving the null Cx36 allele to a CBA/CaJ background. Nonetheless, application of spiperone increases rod tracer coupling and decreases the amplitude and speed of the rod responses in C57Bl/6J mice, and we have observed that neither spiperone (n = 3) nor MFA (n = 3) has an effect on rod tracer coupling or the rod light responses in Cx36 −/− /C57Bl/6J animals (N. Jin & C. P. Ribelayga, unpublished data). These preliminary data support the view that spiperone and MFA do not directly affect the kinetics of the photocurrent and that the modulation of the photocurrent and/or other regulators of the rod response by the clock/dopamine is likely to be a consequence of the change in electrical coupling.
Overall, our data demonstrate that rod electrical coupling and light responses are controlled by a circadian clock and dopamine. Mathematical modelling of the mouse photoreceptor network suggests that the properties of the resistive-capacitive circuit are not a major player in the control of the rod light responses. The mechanisms that contribute to the changes in amplitude and time course of the rod responses during the circadian cycle remain to be determined in future studies.
What is the functional importance of rod electrical coupling at night?
Although our study proposes a mechanism that controls rod coupling, much remains to be learned about the impact of rod coupling on signal processing in the retina at night. Our recordings show that modest coupling among mouse rods does not prevent rods from detecting single photons. In addition, the probability for a single rod to detect a single-photon response is increased by electrical coupling because the single-photon signal in one rod quickly spreads to the neighbouring cells through gap junctions, thus indicating that the single-photon response can propagate in the rod network. However, whether low-amplitude single-photon signals can be read out of the photoreceptor layer at night remains to be determined. J Physiol 593.7 Under low scotopic conditions, rod signals are primarily conveyed to rod bipolar cells and then to cone bipolar cells and ganglion cells via AII amacrine cells (Bloomfield & Dacheux, 2001; Field et al. 2005) . Rod-rod bipolar cell signal transfer is highly non-linear: a threshold mechanism filters out rod noise and selectively passes rod signals resulting from rare photon events (Field et al. 2005 ). Yet the efficiency of this mechanism is low and results in the elimination of a large fraction of the rod single-photon responses (Field & Rieke, 2002b; Berntson et al. 2004) . If the threshold mechanism of the rod-rod bipolar cell synapse were stationary, and not determined dynamically by mechanisms that sense the amplitude of the elementary responses and/or track the time of day, the reduction of the size of the rod response due to coupling at night would probably result in greater rejection by the threshold.
Could the rod-rod bipolar synapse adapt with time of day to adjust the non-linear threshold? On the one hand, studies based on the genetic manipulation of the rod response support the notion that the non-linear threshold mechanism at the rod-rod bipolar synapse is not controlled dynamically, at scotopic light levels (Okawa et al. 2010; Long et al. 2013) . On the other hand, the discrepancy in the measurements of the synaptic gain between studies may indicate otherwise. Indeed, the height of the threshold has been estimated as low as 0.85 (Berntson et al. 2004 ) and as high as 1.2 (Field & Rieke, 2002b) times the amplitude of the single-photon signal, resulting in rejection rates of 40% and 75%, respectively. Thus, to cope with the decrease in the single-photon response amplitude at night, the threshold would have to adjust and be 0.50 times below the amplitude of the signal recorded during the day (2.6 mV / 1.2 mV 50%). We argue that it is possible that the rod-rod bipolar cell synaptic threshold mechanism is lowered at night in order to increase responsiveness to smaller presynaptic voltages. The lack of such plasticity would represent an exception to one of the most fundamental properties of neural circuits.
However, even if the threshold mechanism is not controlled dynamically, an increase in rod coupling may still be beneficial for the transmission of single photon events. Because of coupling and synaptic convergence (each rod bipolar cell contacts approximately 20-50 rods; Bloomfield & Dacheux, 2001; Field et al. 2005) , the coordinated response to a single photon in a network of coupled rods may in fact improve the reliability of the transmission of dim rod responses to rod bipolar cells by increasing the number of trials to pass the rod signal, even with a low probability of success at each individual synapse. Theoretical considerations and mathematical calculations have led to opposite conclusions as to whether rod coupling is detrimental Hornstein et al. 2005; Li et al. 2012) or beneficial (Tessier-Lavigne & Attwell, 1988) to the transmission of an elementary rod response to the rod bipolar cell and/or to the absolute visual threshold. The current consensus in the field is that coupling (along with a threshold non-linearity at the rod-rod bipolar synapse) reduces the amplitude of the single-photon response and lowers its SNR. Yet several lines of evidence argue in favour of a beneficial effect of rod coupling in dim light detection and/or a dynamic regulation of the rod-rod bipolar cell synaptic transfer with the time of day. For instance, the amplitude of the b-wave of the mouse scotopic electro-retinogram, which mostly reflects the activity of the rod bipolar cells, is increased at night (Baba et al. 2009 ). Also, the absolute visual threshold in humans follows a circadian rhythm and is decreased at night (Bassi & Powers, 1986) . Future work will clarify the impact of rod coupling on the activity of second-order neurons in mouse retina. In particular, the activity of the rod-rod bipolar cell synapse will have to be evaluated at night.
The strength of rod coupling in mouse may represent a general principle of retinal design in mammals. Our estimate of the effective pool size of coupled rods (N e ) in the mouse retina (range 1-5.3) is within the range of those measured in the primate (range 1-5.9; Hornstein et al. 2005 ) and guinea-pig (range 1-12; Li et al. 2012) retinae. Similarly, the size of the pool of tracer-coupled rods in the mouse retina (1-26; this study) compares well with those in the macaque (range 1-10; Hornstein et al. 2005) and guinea-pig (range 1-21; Li et al. 2012) retinae. Based on these examples, it is noteworthy that the strength of rod coupling in mammals appears weak relative to lower vertebrates. Salamander rods, for instance, have N e >> 10, and while single photons are able to elicit a photocurrent in the rod outer segment (Baylor et al. 1979) , the low SNR prevents rods from transmitting single events (Zhang & Wu, 2004 . We show here that the nocturnal increase in rod coupling in mouse retina does not prevent rods from detecting single photons and transmitting the signal to other coupled rods (Fig. 5) . Thus, an overall decrease in the strength of rod coupling during the evolution of vertebrates may reflect an adaptive strategy to increase visual sensitivity as mammals passed through a nocturnal 'bottleneck' (Gerkema et al. 2013) .
Circadian clock control of rod coupling
The circadian clock regulation of retinal function is a robust mechanism that controls retinal processing of visual information according to the time of day (Iuvone et al. 2005; Storch et al. 2007; McMahon et al. 2014) . Although it has been clearly established that the melatonin and dopamine systems in the retina are controlled by circadian clocks and play key roles in the circadian control of retinal function, their impact on retinal circuits is not well understood (Iuvone et al. 2005; Storch et al. 2007; McMahon et al. 2014) . Previous work has shown that rod-cone coupling is regulated by a circadian clock and D 2 -like dopamine receptors in vertebrates (Krizaj et al. 1998; Ribelayga et al. 2008; Li et al. 2009 Li et al. , 2013 . Our observations that a D 2 -like agonist or antagonist can manipulate the rod light response and coupling depending on the time of day (Fig. 8) strongly support a role for dopamine in the circadian regulation of rod electrical coupling. Altogether, our studies and others are consistent with the view that dopamine is a daytime effector of a circadian clock that controls photoreceptor coupling in vertebrates in general. Conditional deletion of the key circadian clock component BMAL1 (Storch et al. 2007 ), or of tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis (Jackson et al. 2012) in the retina, or of the D 2/4 dopamine receptors (Nir et al. 2002) results in profound defects in retinal function, such as a decrease in light adaptation and sensitivity. As the absolute threshold for human vision varies over the course of the day (Bassi & Powers, 1986) , it is likely that perturbations of this clock-controlled mechanism over retinal function in humans may have long-term consequences on vision in dim light. Therefore the dependence of the rod electrical coupling on time of day should be a key consideration in our efforts to understand vision under dim light.
Summary
We find that, in mouse retina, rod photoreceptors are more coupled at night compared to day. The nocturnal increase in rod coupling reduces the amplitude of the single-photon response and lowers its SNR, which is likely to reduce the probability of detection by downstream neurones. Yet strong rod coupling is expected to enhance the detection of multiple photons by post-receptor neurones because the SNR of an extended visual object is governed by the spatial correspondence between the object and the space constant of the electrical coupling (Tessier-Lavigne & Attwell, 1988) .
The mouse has a larger ratio of lens diameter/postnodal distance, i.e. numerical aperture, than other mammalian species previously studied, including humans (Geng et al. 2011) . This large numerical aperture gives the mouse rod a greater photon flux at a given scotopic background. Essentially, mouse rods see a multi-photon signal at some backgrounds where rods in another species only see single-photon signals. Thus, the advantage to rod coupling that we report here, that is, to sum and average signals from several rods, may be particularly helpful for mice in dim light.
The control of the strength of electrical coupling between the elements forming a neural circuit is a powerful means to modify the properties of that circuit (Hormuzdi et al. 2004; Pereda et al. 2013) . Functional neuronal circuits underlie behaviours, many aspects of which are controlled by circadian clocks (Mohawk et al. 2012) . Our observations suggest that electrical coupling between rods does not follow an 'all-or-none' principle. Rather, our data reflect a spectrum of coupling strengths. Rod electrical coupling is weak during the day and stronger at night. Dopaminergic drugs exaggerate these effects because a high dose of agonist will saturate the receptors beyond the daytime level of dopamine, and an antagonist may block residual trace amounts of dopamine present at night. MFA blocks at a different regulatory site, emphasizing that gap junctions are the end-point of the signalling pathway. Circadian clock regulation of electrical coupling may be a widespread mechanism for fine-tuning neural circuit properties and behaviour.
